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The murine cytomegalovirus (MCMV) M97 gene is homologous with both eukaryotic protein kinases and the phosphotransf-
erases of herpesviruses. The gene conserves the domain structure of protein kinases and of the human cytomegalovirus
UL97 (phosphotransferase) gene. An M97 transcript of 2.5 kb is present predominantly at late times, and much smaller
quantities of the transcript are detected at early times postinfection. Comparison of the DNA sequences of the complete
M97 genes from 12 ganciclovir-sensitive and aciclovir-sensitive strains of MCMV showed that the sensitive isolates strongly
conserve the sequence of the catalytic domains, but have only moderate conservation of the sequence of the amino-terminal
(regulatory) region. MCMV provides a useful model for studying the in vivo function of the phosphotransferase genes of
the betatherpesviruses and has potential for use in studies of antiviral resistance. q 1997 Academic Press
INTRODUCTION biology of MCMV (Reddehase et al., 1994), and animal
models of murine infection with MCMV have been devel-
Phosphorylation may be necessary for the function of
oped to study gene function in vivo (Manning and Mocar-
proteins and nucleosides in many cells. Homologs of
ski, 1988). We describe a homolog of protein kinases
eukaryotic protein kinases have been found in the ge-
and HCMV UL97, which is present in laboratory-adapted
nomes of the human herpesviruses HSV (UL13), VZV
and other strains of MCMV isolated from Mus domes-
(ORF 47), EBV (BGLF4), HHV6 (ORF U69, previously
ticus. Consistent with the similarity between HCMV and
named ORF 15R), and human cytomegalovirus (HCMV).
MCMV (Rawlinson et al., 1996), the MCMV M97 gene was
The HCMV UL97 gene is homologous to the protein ki-
found on the MCMV genome in a position homologous to
nases of alpha- and gamma-herpesviruses (Chee et al.,
the location of UL97 on the HCMV genome, and tran-
1989) and to the serine/threonine and tyrosine protein
scripts from M97 are found predominantly at late times
kinases of eukaryotes (Hanks et al., 1988). The UL97
in the replication cycle (Michel et al., 1996). We show
gene product has not been shown to act in vitro as a
that MCMV growth in vitro is inhibited by the nucleoside
nucleoside kinase (Michel et al., 1996), but can function
analogs GCV and aciclovir (ACV) in isolates obtained
as a protein kinase (He et al., 1996; Ng et al., 1996). It
from wild M. domesticus and that the sequence of the
does, however, participate in the phosphorylation of the
M97 gene is highly conserved in all of these isolates.
nucleoside analog ganciclovir (GCV) to produce GCV-
monophosphate, and subsequent phosphorylation by
MATERIALS AND METHODScellular enzymes produces the active GCV-triphosphate
(Sullivan et al., 1992). Resistance to GCV most frequently
Virusesresults from reduced phosphorylation of the antiviral
agent because of mutations in the HCMV UL97 gene or The DNA from MCMV strains Smith (attenuated) and
less frequently because of changes in the DNA polymer- K181 (pathogenic) and DNA from 10 strains isolated from
ase gene (Lurain et al., 1994). M. domesticus caught in Western Australia, Kerguelen
As HCMV replication is highly host-restricted, many Island, and Victoria were studied (Booth et al., 1993). The
experiments with HCMV in the natural (human) host are 2.1-kb M97 gene was amplified from genomic DNA using
not possible. In vivo studies of the functions of the subdo- PCR, with conditions altered to optimize amplification
mains of the HCMV UL97 phosphotransferase have been specificity (Saiki et al., 1988). PCR products were purified
hampered by the lack of described homologs in animal by precipitation with polyethylene glycol (of average mo-
viruses. Considerable information is available about the lecular weight 8000). Both strands of the M97 gene were
sequenced using Applied Biosystems (ABI) Taq Dye-
Deoxy Terminator Cycle Sequencing kits, with eight for-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: /61-2-93984275. E-mail: WDR@westmed.wh.su.edu.au. ward and eight reverse primers used in linear amplifica-
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tion reactions (Craxton, 1991). The sequences were as- the MCMV Smith strain has been deposited with Gen-
Bank and has Accession No. U68299 (Rawlinson et al.,sembled and analyzed using Staden software (Dear and
Staden, 1991), and sequence alignment was performed 1996).
using Clustal W (Thompson et al., 1994).
RESULTS AND DISCUSSION
Transcription analysis
The M97 gene was located within an open readingCytoplasmic RNA was prepared from mouse embry-
frame (ORF) extending between positions 140,015 andonic fibroblasts (MEFs) infected with MCMV strain Smith
142,069 of the prototype genome of the MCMV Smithat a multiplicity of infection (m.o.i.) of 3 PFU per cell
strain (Rawlinson et al., 1996), within a gene block that(Rawlinson and Barrell, 1993). RNA was obtained from
was conserved between the alpha-, beta-, and gamma-immediate-early (IE) (at 6 hpi), early (at 13 hpi), and late
herpesviruses (Chee et al., 1990). The gene was pre-(at 48 hpi) times, and poly(A)/ RNA was selected using
dicted to start at the first methionine residue present ina commercial paramagnetic bead procedure (Dynal Ltd.,
the ORF (at position 140,141–140,143) in the low KozakDynabeads, Catalog No. 610.01). The M97 transcription
consensus context of GccATGa. No other methioninedata were obtained using Northern blotting and reverse-
residue was encoded until M395 (Fig. 1). There is a close-transcription PCR (RT-PCR) of poly(A)/ RNA, as pre-
consensus TATA-box (TATTAT) between positionsviously described (Rawlinson and Barrell, 1993). Northern
140,002 and 140,007 of the prototype genome (Rawlinsonblots were performed by subjecting 20 mg of RNA to
et al., 1996). The MCMV gene has a potential nuclearelectrophoresis on formaldehyde gels (Sambrook et al.,
localization sequence (NLS) LRRR32 located near the1989). The blots were probed using digoxigenin (DIG)-
amino-terminus that is congruent with a putative NLSlabeled DNA, produced by PCR of the entire M97 gene
of HCMV UL97 (RARRRQ36) (Michel et al., 1996). The(Boehringer-Mannheim, Catalog No. 1277065). RT-PCR
predicted length of M97 was 643 amino acids, with awas accomplished using a 30-nucleotide poly(T) primer
predicted molecular mass of 71 kDa (compared with theto produce first-strand cDNA and then amplifying the
HCMV homolog length of 707 amino acids and predictedproduct by PCR, as previously described for HCMV (Raw-
molecular mass of 78 kDa). The overall homology be-linson and Barrell, 1993).
tween MCMV M97 and HCMV UL97 was moderate, with
33% amino acid identity, and it was higher in the catalyticAntiviral susceptibility testing
domains from residue I271 (at the start of subdomain I)
The susceptibility of the isolates to GCV (a gift from to the carboxy-terminus of the gene (Fig. 1), over which
Roche Bioscience) and ACV (a gift from Glaxo-Wellcome) region there was 41% amino acid identity. The M97 gene
was determined using plaque reduction assays on mono- had an overall identity of 23% with the HHV6 protein
layers of MEFs. Confluent cell monolayers were infected kinase homolog (U69) and 26% identity in the catalytic
with each of the 12 different MCMV isolates at 100 PFU region. Homology between MCMV M97 and HCMV UL97
per well (m.o.i. of 0.001). Adsorption of the virus was was strongest from MCMV. There was a 21-residue dele-
allowed to proceed at 377 for 90 min, before unabsorbed tion near the amino-terminus of MCMV M97 compared
virus was washed off with PBS. Duplicate wells were with the HCMV homolog. The amino acids that have so
prepared containing MEM / 1% FCS / 0.8% carboxy- far been found changed in GCV-resistant HCMV isolates
methylcellulose (CMC) with doubling dilutions of GCV at were conserved in the MCMV M97 sequence, including
concentrations between 2.25 and 144 mM (0.625 and 40 HCMV M460 (MCMV M395), HCMV H520 (MCMV H456),
mg/L) or ACV at concentrations between 1.0 and 64 mM HCMV A594 (MCMV A530), and HCMV L595 (MCMV
(0.25 and 16 mg/L). Triplicate control wells contained L531). The sequence AACRAL between positions 590
cells grown in maintenance medium (MEM / 10% FCS and 595 of HCMV is most often altered in GCV-resistant/ 0.8% CMC) in the absence or in the presence of virus. isolates (Alain et al., 1993). The MCMV sequence
The cells were incubated at 377 for 3 to 4 days, the KTCDAL between positions 526 and 531 is located in the
monolayers were fixed with methanol and stained with congruent position, and the MCMV hexapeptide contains
0.1% crystal violet, and the plaques were counted using two nonconservative substitutions compared to HCMV
a 6X objective. The concentration of drug required to (A590 r K, and R593 r D) and one conservative change
restrict replication by 90% (ID90) was determined for (A591 r T).
each isolate. A single RNA species of around 2.5 kb in length is
transcribed from MCMV M97 (Fig. 2). This is consistent
DNA sequences
with the predicted length of the coding region of the
gene of 1929 nucleotides, utilization of a poly(A) site 340All of the M97 sequences of the laboratory strains
and field isolates were deposited with GenBank under nucleotides downstream of the stop signal, and an aver-
age length poly(A) tail of 200 to 300 nucleotides. Only aAccession Nos. U52853, U52854, U52855, U52856,
U52857, U52858, U52859, U52860, U52861, U52862, single mRNA species is present at late and early times
on Northern blots and RT-PCR, and no transcript is foundU52863, and U52864. The complete DNA sequence of
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FIG. 1. The alignment of MCMV M97 (laboratory passaged Smith strain) with HCMV UL97, with MCMV K181 (pathogenic strain), and with 10
other isolates of MCMV (derived from Mus domesticus) is shown using the single-letter amino acid code. The bottom line indicates residues
identical between MCMV M97 (Smith strain) and HCMV UL97 (indicated by asterisks) and indicates conservative substitutions (indicated by periods).
The numbers next to the MCMV Smith M97 and HCMV AD169 UL97 sequences refer to the amino acid locations. In the top lines identity between
the pathogenic isolates and MCMV M97 (Smith strain) is indicated by dashes; substitutions are given by the appropriate single-letter code, and
deletions are indicated with dots. Hydrophobic residues are indicated by open circles. The subdomains of HCMV UL97 with homology to eukaryotic
subdomains are labeled, and a consensus subdomain sequence for eukaryotes (Hanks, Quinn, and Hunter, 1988) is indicated below the correspond-
ing bases of HCMV and MCMV. The underlined amino acids are those previously found altered in UL97 genes of GCV-resistant HCMV isolates.
The mutations associated with GCV resistance are found within HCMV UL97 subdomain VI (M460 r I (Lurain et al., 1994) and M460 r V (Chou
et al., 1995)); subdomain VII (H520 r Q (Hanson et al., 1994)); and subdomain IX (A594 r V and AACR593 r deletion (Sullivan et al., 1992); L595
r deletion (Baldanti et al., 1995); and L595 r S or L595 r F (Chou et al., 1995; Wolf et al., 1993)).
at IE times (Figs. 2 and 3). The transcript size is consis- on restriction analysis (Booth et al., 1993), including two
viruses (K17A and K17G) isolated from the salivarytent with use of the close-consensus poly(A) site (AA-
TAAA) located between nucleotides 142,410 and 142,415 glands of the same mouse. The viruses were all sensitive
to GCV and ACV on testing with plaque reduction assays(Rawlinson et al., 1996). This poly(A) site is located close
to a GC-rich region (between nucleotides 142,434 and (data not shown). The ID90s to GCV were all less than
4.5 mM (1.25 mg/L), and the ID90s to ACV were all less142,442), similar to regions found close to other func-
tional poly(A) sites of HCMV (Rawlinson and Barrell, than 4 mM (1.0 mg/L). By comparison, for HCMV isolates
sensitive to GCV the ID90 is £12 mM (Drew et al., 1991),1993). The HCMV UL97 gene is also expressed as a true
early-late gene (Michel et al., 1996). and for HSV isolates sensitive to ACV the ID50 is 8
mM (Safrin et al., 1994).All MCMV field isolates studied had different profiles
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can be performed to determine the in vivo phenotype of
mutations in this region. Most of the amino acid se-
quence variation found in the 12 isolates studied here
was in the noncatalytic (amino) region of the M97 gene
(Fig. 1). This region appears to modulate phosphotransf-
erase activity in eukaryotic protein kinases (Hanks et al.,
1988), and there is only low homology of the sequences
at the amino ends of MCMV M97 and HCMV UL97 (Fig.
1). There was significant clustering of amino acid trans-
versions in the field isolates to a small number of bases
in this region, where there was addition of N59 and T71,
deletion of S93, and substitution of SV209 for NI209 (Fig.
1). The HCMV UL97 gene may be essential, as UL97FIG. 2. Northern blot showing cytoplasmic RNA prepared at IE, early,
deletion mutants are able to grow in vitro only in theand late times postinfection, or from mock-infected MEFs. The blot
was probed with DIG-labeled DNA complementary to MCMV M97. The presence of wild-type HCMV (Michel et al., 1996). Studies
markers indicate the location of the wells loaded with RNA and of the of HSV-1 have shown that the UL13 (protein kinase) gene
18S and 28S ribosomal RNAs. is nonessential in vitro, but is necessary for posttransla-
tional modification of at least two other HSV gene prod-
ucts, ICP22 (Purves et al., 1993) and VP22 (Coulter et al.,Alignment of the M97 gene of the MCMV Smith strain
with 11 other isolates is shown in Fig. 1. The sequence 1993). Similar studies in VZV have shown that the protein
kinase homolog (ORF 47) is also nonessential for growthof M97 from strain W9 was identical to the sequence of
the less virulent Smith strain, but all other strains had in cell culture. VZV ORF 47 has been shown to phosphor-
ylate several as yet undefined proteins, but it does notunique M97 sequences. The changes in M97 sequence
involved 16 different sites, 4 of which were located in phosphorylate the VZV homolog (ORF 63) of HSV ICP22
(Heineman and Cohen, 1995). No sequence homolog ofthe carboxy-terminal half of the gene. However, these
changes were not in the signature sequences associated HSV ICP22 is present in MCMV (Rawlinson et al., 1996),
although a functional homolog may occur.with subdomains I to XI (Fig. 1), except for 3 substitutions
in isolates K181, N1, G3A, and W5 that were found in MCMV M97 is a useful model for studying the protein
kinase homologs of herpesviruses. It is likely that thethe region of subdomain VII. Examination of an unrooted
phylogenetic tree generated from the amino acid se- protein kinases have an important role in herpesvirus
infection, as they are conserved between and withinquences of the 12 MCMV genes, HCMV UL97, and HHV-
6 U69 showed that the human betaherpesvirus genes alpha-, beta-, and gamma-herpesvirus families. HCMV
UL97 has been shown in vitro to participate in the phos-are more closely related to each other than to any of the
MCMV M97 sequences (data not shown). Clustering of phorylation of HSV-1 ICP22 (Ng et al., 1996), GCV (Sulli-
van et al., 1992), and itself (He et al., 1996). It seemsthe M97 genes occurred, with the Smith, K181, and field
strains G2, K17A, W5, and W9, resembling one another likely that the major function is protein modification rather
than nucleoside phosphorylation and that the protein lo-more than the other isolates.
The region of strongest homology between HCMV
UL97 and MCMV M97 includes subdomain VI, which may
be important in nucleotide binding, and subdomain IX,
which is known to be important in substrate recognition
by the HCMV phosphotransferase (Sullivan et al., 1992).
The initial description of an HCMV GCV-resistant geno-
type was of a virus with deletion of the AACR593 se-
quence from subdomain IX of UL97 (Sullivan et al., 1992).
More recently it has been found that most GCV-resistant
clinical isolates of HCMV have changes in the residues
CRAL595 at the carboxy-terminus of the hexapeptide AA-
CRAL595 (Chou et al., 1995). The residues C592, A594,
FIG. 3. PCR products amplified from DNA, cytoplasmic mRNA, and
and L595 within subdomain IX are conserved between poly(T)-primed cDNA, derived from cells infected with MCMV strain
HCMV and all MCMV isolates studied here. Other single Smith, were subjected to electrophoresis on a 2% agarose gel. All
templates were amplified with 21-mer primers located at positionsamino acids that are known to be altered in GCV-resis-
140,821–140,841 and 141,220–141,240 on the prototype genome (Raw-tant isolates of HCMV (Lurain et al., 1994) are conserved
linson et al., 1996). Lane 1, DNA markers (pGEM digested with HinfI,between the MCMV M97 genes from all isolates studied
RsaI, and SinI); lane 2, 100 pg of Smith strain DNA; lanes 3 and 4, IE
and HCMV UL97. Therefore, experiments with site-di- cDNA; lane 5, IE RNA; lanes 6 and 7, early cDNA; lane 8, early RNA;
rected mutagenesis of these residues of MCMV M97 lanes 9 and 10, late cDNA; lane 11, late RNA; and lane 12, uninfected
cell cDNA (negative control), as template.(and of others not found in GCV-resistant HCMV isolates)
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family: Conserved features and deduced phylogeny of the catalyticcalizes to the nucleus (Michel et al., 1996). The role of
domains. Science 241, 42–52.the phosphotransferases in the pathogenesis of host in-
Hanson, M. N., Erice, A., Talarico, C. L., Preheim, L. C., Biron, K. K.,
fection by the betaherpesviruses can now be studied in Stanat, S. C., and Balfour, H. H. (1994). Characterization of a novel
vivo using the MCMV model. M97 may be essential, given mutation in the UL97 gene of a clinical cytomegalo virus (CMV)
strain conforming resistance to gonciclovir. Proceedings of the 34ththe conservation of M97 in all isolates thus far studied.
Interscience Conference on Antimicrobial Agents and Chemother-It would be of interest to determine whether UL97 can
apy, H25.replace the function of M97. If this is the case, then He, Z., Ho, A., and Coen, D. M. (1996). Characterization of a purified
MCMV will provide a useful in vivo model for the develop- HCMV UL97 protein lirose. International Herpesvirus Workshop, Chi-
cago, 400.ment of novel antivirals targeted to HCMV UL97.
Heineman, T. C., and Cohen, J. I. (1995). The varicella-zoster virus (VZV)
open reading frame 47 (ORF47) protein kinase is dispensable for
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